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A new mechanisms for damping of slow magnetosonic waves (SMW) by pressure induced oscillations of the
ionization degree is proposed. An explicit formula for the damping rate is quantitatively derived. Physical
conditions where the new mechanism will dominate are briefly discussed. The ionization-recombination
damping is frequency independent and has no hydrodynamic interpretation. Roughly speaking large area of
partially ionized plasma are damper for basses of SMW while usual MHD mechanisms operate as a low pass
filter. The derived damping rate is proportional to the square of the sine between the constant magnetic field
and the wave-vector. Angular distribution of the spectral density of SMW and Alfve´n waves (AW) created
by turbulent regions and passing through large regions of partially ionized plasma is qualitatively considered.
The calculated damping rate is expressed by the electron impact cross section of the Hydrogen atom and in
short all details of the proposed damping mechanisms are well studied.
I. SHORT INTRODUCTION
Behind purely fundamental interest for plasma physics
propagation of hydromagnetic (nowadays known as mag-
netohydrodynamic ) waves attracted significant attention
and was strongly simulated by the development of the
physics of solar atmosphere and the eternal problems
related to its heating.1–3 It has already been confirmed
that the magnetohydrodynamic (MHD) waves (both in-
compressible and compressible) are present in the solar
atmosphere and they have already been considered for
heating of the solar chromosphere and corona.4–7 Models
adapted to study heating problems of solar atmosphere
include two fluids coupled through collisions and chemi-
cal reactions, such as impact ionization and radiative re-
combination with imposed initial thermal and chemical
equilibrium. Within this approach the plasma heating is
dominantly wave-based and the main energy source for
heating are the excited fast magnetosonic fluctuations,8
while older studies of FMW heating can be found in
Ref. 9 for instance.
It is worthwhile to mention also works on overreflection
or swing amplification in shear flow of slow magnetosonic
waves (SMW); see for example Refs. 10 and 11.
In a review on partially ionized astrophysical plasmas12
it is shown that viscosity plays no important role in the
damping of chromospheric Alfve´n waves and recently it is
concluded that the solar corona electrical resistivity has
only very small impact, while and thermal conduction
and viscosity contribute equally.13 Therefore, the ques-
tion of chromospheric heating due to the ion-neutral in-
teraction will require further studies in the future. A
complete review on the problem requires many hundred
citations, but here we mention the importance of two
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fluid approach for consideration of MHD waves in par-
tially ionized plasmas.14
A. Scenario
When a slow magnetosonic wave (SMW) propagates
through partially ionized plasma, the oscillations of the
pressure creates oscillations of the temperature and gen-
erates small oscillations of the degree of ionization α.
Those pressure induced deviations of the chemical equi-
librium gives an extra entropy production and energy
dissipation of the SMW.
This additional mechanism does not work for the
Alfve´n waves (AW) and in spite of common dispersion
and damping of AW and SMW in (MHD) approach at
small magnetics field their ionization-recombination ab-
sorption can be completely different.
The purpose of the present work is to present an ex-
plicit formula for the chemical damping and to consider
in short when the predicted new damping mechanism is
important and dominates and how it can be observed.
The article is organized as follows. In order to create
the necessary system of notions and notations following
Landau and Lifshitz3 in the next Sec. II we will recall
the physics of SMW. Then we derive in Sec. III our new
result for ionization-recombination absorption. Finally
we will discus in Sec. IV
II. RECALLING SMW
In this section we will repeat these details which are
common for Alfve´n waves (AW) and SMW. The differ-
ences between AW and SMW which are our new result
we derive after that.
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2A. Dispersion of MHD Waves
Low density hydrogen plasma we approximate as a
cocktail of ideal gases of electrons, protons and neutral
atoms with pressure p and mass density ρ
p = nT, n = ne + np + n0, (1)
ρ = nρM, nρ = np + n0, (2)
where temperature T is written in energy units and M
is the proton mass. The sound velocity is defined by the
adiabatic compressibility
cs =
√(
∂p
∂ρ
)
s
, (3)
for which the standard expression from the averaged
atomic mass of the cocktail 〈M〉
cs =
√
γpT
〈M〉 , 〈M〉 =
npM + n0M + nem
np + n0 + ne
, (4)
cv = 3/2, cp = cv + 1 = 5/2, γ = cp/cv = 5/3 (5)
where cv and cp are the heat capacities per atom and m
is the electron mass.
Small amplitude MHD waves we treat as small varia-
tions of the magnetic field b, density ρ′, pressure p′ and
temperature T ′
B = B0 + b, ρ = ρ0 + ρ
′, (6)
p = p0 + p
′, T = T0 + T ′ (7)
from their constant values. The index 0 we omit where
it is obvious. The variations of the pressure are related
with variations of the density
p′ ≈ c2sρ′, (8)
according the definition of the sound speed. Here we
recall also the equations of state pV γ = const and
TV 1/cv = const for S = const (constant entropy S) and
give the relations between variations of the temperature,
pressure and density15
T ′
T
=
1
cv
ρ′
ρ
=
1
cp
p′
p
,
ρ′
ρ
=
1
γ
p′
p
, γ ≡ cp
cv
=
5
3
. (9)
For a weak amplitude plane wave the variations of all
variables are proportional to the imaginary exponent
∝ ei(k·r−ωt) and phase velocity u ≡ ω/k the ratio be-
tween the frequency ω and the modulus k = |k| of the
wave-vector. For a plane wave the time t and space r
derivatives are reduced to multiplication
∂t = −iω, ∇ = ik (10)
and the MHD equations, omitting index 0 and imaginary
unit i, reads3
− ωρv = −c2skρ′ +B× (k× b) /µ0, µ0 = 4pi, (11)
− ωb = k× (v ×B) , ωρ′ = ρk · v, ε0 = 1/4pi, (12)
where k · b = 0. We use Gaussian units but in SI&C:
µ0 ∗ = 10−7 and ε0/ = c2 10−7, i.e. all formulae in the
present work are written in system invariant form. In
Heaviside–Lorentz units µ0 = 1 and ε0 = 1. The x-axis
is chosen along the wave-vector k = kex, and y-axis is in
the plane of the wave-vector and the constant magnetic
field
B = Bxex +Byey, Bx = B cos θ, By = B sin θ,
see Fig. 1. The unit vector along the external magnetic
x,kB
y
θ
vgr = VA cos θ
kB = |k ·B|/|B|
ω = VAkB
FIG. 1: Geometry of propagating of SMW in a constant
external magnetic field B. The group velocity of the
propagating wave packet vgr is along the external
magnetic field. The wave vector k is along the normal
of wave fronts (equiphase planes) shown here with lines
parallel to the y axis.
field is
eB = B/B = cos θ ex + sin θ ey (13)
Dividing by k, the nonzero components of the MHD equa-
tions Eqs. 11 and 12 read
ρu
(
1− c
2
s
u2
)
vx = Byby/µ0, (14)
ρuvy = −Bxby/µ0, (15)
uby = Byvx −Bxvy. (16)
Expressing velocity components vx and vy from the first
two equations and substituting it in the third one gives a
quadratic equation for the phase velocity u = ω/k which
have the solutions describing fast (f) and slow (s) mag-
netosonic waves3
u2f,s =
1
2
{
V 2A + c
2
s ±
[
(V 2A + c
2
s)
2 − 4c2θV 2Ac2s
]1/2}
. (17)
For small magnetic fields for SMW wave we have
u = us ≈ VAcθ  cs, cθ ≡ | cos θ|, (18)
3where
VA ≡ B√
µ0ρ
, ρV 2A = B
2/µ0 (19)
is the speed of AW and uA ≡ VAcθ is the modulus of
its projection along the x-axis. In such a way for the
dispersion of SMW we have
ω = |VA · k| , vgr ≡ ∂ω
∂k
= VA sgn(B · k). (20)
The frequency of SMW can be expressed by the projec-
tion of Alfve`n speed along the wave vector uA
ω = uAk = VAkB , (21)
u ≈ uA ≡ VAcθ  cs, kB = kcθ (22)
or by projection of the wave-vector along the magnetic
field kB . For SMW the last inequality substituted in
Eqs. (14) and (15) gives(
c2s
u2
− 1
)
≈ c2s/u2  1, (23)
and we have approximate expressions for the components
of the velocity
vy = − Bx
µ0ρu
by, k · v = − Bxk
µ0ρu
by (24)
vx ≈ − u
c2s
By
µ0ρ
by, bx = 0. (25)
Then from Eq. (12) we obtain the variation of the density
ρ′
ρ
=
k · v
ω
=
Byby
µ0ρc2s
, (26)
and from Eq. (8)
p′ = c2sρ
′ = −Byby
µ0
= − B
µ0
sθby, sθ ≡ sin(θ), (27)
we express the variations of the pressure proportional to
the small wave component of the magnetic field
by = b0 cos(kx− ωt), b = b0 cos(kx− ωt). (28)
The unit vector eb ≡ b0/b0 = ey along the oscillating
component of the magnetic field has angle pi/2 − θ with
the constant one
(eb · eB)2 = s2θ. (29)
Now we can express the averaged density of the wave
energy which according to the virial theorem is twice the
averaged density of the magnetic energy
E = 2
〈
b2
2µ0
〉
=
b20
2µ0
, q = Evgr (30)
and the averaged density of the pressure oscillations
which is one important ingredient of the forthcoming
analysis 〈
(p′)2
〉
=
B2
µ0
s2θ
b20
2µ0
=
B2
µ0
Es2θ. (31)
We mention that the pressure oscillations disappear for
wave-vector parallel to the magnetic field (k ‖ B or
sin θ = 0) and v · k = b · k = 0, the waves are purely
transverse.
After the consideration of dissipationless wave prop-
agation in the next subsection we recall the results for
SMW damping.
B. MHD Absorption
In the WKB approximation we suppose that wave am-
plitudes have small exponential decay e−γtt as a function
of time or space extinction e−γx if we trace a traveling
wave packet.
For the energy flux and density we have quadratic de-
pendence e−2γxx and the extinction
γx =
QMHD
2qx
(32)
is given by the ratio of the time averaged power of MHD
dissipation QMHD and the energy flux qx.
3 In dissipation-
less approximation the substitution of
by = b0 cos(kx− ωt), bx = bz = 0 (33)
and the derived velocity vy Eq. (24) in the formula for
the Pointing vector in MHD
q ≈ S ≈ B× (v ×B)/µ0 (34)
gives
S = VAE , (35)
E = 〈b2/2µ0 + ρv2/2〉 = b20/2µ0, (36)
in agreement with Eq. (30). For the x-component we
have
qx = uAE . (37)
The small dissipation is proportional to the dissipative
coefficients
QMHD = νkρ
(
∂v
∂x
)2
+ νm
(
∂b
∂x
)2
/µ0 (38)
paramererized by kinematic νk = η/ρ and magnetic dif-
fusivity νm = ε0c
2%, where η is viscosity coefficient and %
is the Ohmic resistivity. Expressing vy from Eq. (15) and
assuming vx ≈ 0 from Eq. (14) meaning that divv ≈ 0
after some algebra we obtain
γx =
γt
ua
, γt =
1
2
(νk + νm)k
2. (39)
4If we trace a wave packet of SMW propagating along
magnetic force lines B at distance l = x/cθ for the energy
damping ∝ e−2γll we have the extinction
γl =
QMHD
2VAE =
γt
VA
=
(νk + νm)k
2
2VA
. (40)
This space damping rate does not depend on the angle
θ. For AW we have velocity vz and magnetic field bz
oscillations only normal to the (k-B) plane direction but
for small magnetic field VA  cs the dispersion and wave
damping are the same. The difference appears when we
analyze the chemical damping of SMW.
After this recall of the well-known result we analyze in
the next section the chemical damping.
III. IONIZATION-RECOMBINATION ABSORPTION
The degree of the ionization
α =
np
nρ
(41)
is a result of the continuous balance of ionization and
recombination processes
dnp
dt
= βn0ne − γrecnpn2e (42)
with temperature dependent rates of electron impact ion-
ization β(T ) and two electron recombination γ(T ). For
dense enough plasma the radiative processes have neg-
ligible contribution, especially for optically thin plasma
regions.16,17
In thermal equilibrium the degree of ionization is given
by Saha equation15,18
n¯pn¯e
n¯0
= nS ≡
(
mT
2pi~2
)3/2
e−I/T , (43)
where I is the ionization energy. The rates of ionization
and recombination processes in equilibrium are equal
ν = βn¯en¯0 = γrecn¯
2
en¯p. (44)
The variable ν(T ) gives the number of reactions
β : H + e −→ p + e + e, (45)
γrec : p + e + e −→ H + e (46)
per unit volume and unit time. From this rate one can
create a temperature dependent variable
Qι ≡ Tν (47)
with dimension of power density; energy per unit volume
and unit time.
When MHD waves propagate through the plasma os-
cillations of the pressure p′, density ρ′ and the tempera-
ture T ′ perturbate the chemical equilibrium and induce
variations of the chemical composition and ionization de-
gree α. This extra chemical chaos creates an additional
mechanism of increasing of entropy and wave energy dis-
sipation
Qion = Qι
〈
χ2
〉
, (48)
where brackets denotes wave period averaging.
The main detail of the chemical energy dissipation is
the deviation from the chemical equilibrium
χ ≡ nenp
n0nS
− 1 = nenp
n0
n¯0
n¯en¯p
− 1 (49)
described in detail in a recent Ref. 19. We suppose that
the variations of the chemical chomposition are relatively
small, and the frequency of SMW is high enough
ω  α(1− α)βnρ, (50)
n¯e = n¯p = αn¯ρ, n¯0 = (1− α)nρ. (51)
In equilibrium χ¯ = 0 and we have to calculate the small
small change of the variable χ describing the deviation
from the chemical equilibrium substituting in Eq. (49) all
necessary details
ne = n¯e + n
′
e, np = n¯p + n
′
p, n0 = n¯0 + n
′
0, (52)
n
S
(T + T ′) = n
S
+ n′
S
= n
S
(T ) +
dn
S
dT
T ′. (53)
For linearized waves and small |χ|  1 we have
χ ≈ n
′
e
ne
+
n′p
np
− n
′
0
n0
− n
′
S
n
S
. (54)
All relative changes of the variables can be expressed by
the relative change of the pressure
n′e
ne
=
n′p
np
=
n′0
n0
=
ρ′
ρ
=
1
γ
p′
p
(55)
and the Saha density
n′
S
n
S
=
dn
S
n
S
dT
T ′ =
(
I
T
+ cv
)
T ′
T
=
(
I
T
+ cv
)
p′
cpp
. (56)
Due to detailed text-book recalling of the SMW dynamics
we easily arrive at a simple result
χ =
(
I
cpT
+
2
γ
)
p′
p
(57)
and its square can be easily averaged using Eq. (31)
〈
χ2
〉
=
(
I
cpT
+
2
γ
)2 〈(p′)2〉
p2
(58)
=
(
I
cpT
+
2
γ
)2
B2
µ0p
E
p
s2θ. (59)
5Multiplying with the power density rate we finally derive
the main result of the present work: the mean energy
dissipation of a SMW propagating in magnetized plasma
Qion = Qι
(
I
cpT
+
2
γ
)2
B2
µ0p
E
p
s2θ. (60)
Now for the time damping we obtain
γ˜t =
Qion
2E =
Qι
p
(
I
cpT
+
2
γ
)2
B2/2µ0
p
s2θ, (61)
(62)
and for the extinction at low temperatures T  I we
have an additional chemical term
γ˜l ≈ Qion
2EVA =
Qι
pVA
(
I
cpT
)2
B2/2µ0
p
s2θ, (63)
which disappears at small angles θ  1. In the next final
section we will discuss the difference between two damp-
ing mechanisms giving total SMW extinction
γtot = γl + γ˜l. (64)
IV. DISCUSSION AND CONCLUSIONS
The angular dependence of the chemical damping ob-
tained in Eq. (63) γ˜l ∝ sin2 θ is the main difference be-
tween the chemical damping and the MHD one. Here we
wish to emphasize also that the derived new ionization-
recombination damping is frequency independent and has
no hydrodynamic sense as second viscosity, for example.
The MHD damping according to Eq. (40) γl ∝ k2 ∝ ω2 is
proportional to the square of the wave-vector and square
frequency.
Roughly speaking MHD damping is a low pass fil-
ter while ionization-recombination mechanism is a bass
damper.
Imagine that turbulence generates broad distribution
of MHD waves and the angular distribution of the spec-
tral density is almost constant at small angles between
the wave-vector and constant magnetic field
cos θ =
k ·B
kB
. (65)
If then SMW pass through a partially ionized region with
length l the chemical damping gives transmission coeffi-
cient
T˜SMW = e
−2γ˜ll = exp
(
− θ
2
2θ20
)
, (66)
1
2θ20
=
2νT l
pVA
(
I
cpT
)2
B2/2µ0
p
s2θ, (67)
θ0 =
cpT
2I
√
pVAβpl
νT l
 1, βpl ≡ p
pB
, (68)
pB = B
2/2µ0, p = (n¯e + n¯p + n¯0)T. (69)
In other words, strong ionization-recombination absorp-
tion gives a cumulative small angle distribution of SMW.
Waves with significant angles θ are absorbed and domi-
nantly AW will pass through large area of partially ion-
ized plasma.
How this can be checked by observations. Imagine that
in an observation point we have a good record of the time
dependence of the magnetic field B(t). Time averaging
can give mean value B0 and orientation eB of the con-
stant component of the magnetic field
B0 = 〈B(t)〉 , eB = B0/|B0|.
Then we can make Fourier analysis and calculate the
wave components of the magnetic field for all frequen-
cies ω
b′ω = 〈(B(t)−B0) cos(ωt)〉 , e′ω = b′ω/|b′ω|,
b′′ω = 〈(B(t)−B0) sin(ωt)〉 , e′′ω = b′′ω/|b′′ω|.
For the considered in Sec. II example we have
eB = cos θex + sin θey, e
′
ω = ey, eB · e′ω = sin θ.
In the general case we have different angles for all Fourier
frequencies
sin(θ′ω) = eB · e′ω, sin(θ′′ω) = eB · e′′ω,
and it is worthwhile the study probability distribution
function of angles θ. Our simple consideration predicts
Gaussian distribution
P (θ) ∝ exp(−θ2/2θ20) (70)
created by long regions of partially ionized plasma.
Roughly speaking SMW filtered by large regions of par-
tially ionized plasmas will be almost transverse.
Every similarity with phenomena in the magnetized at-
mosphere even in the nearest star is random. We present
a purely academic study.
Last but not least the ionization rate β = 〈vσ〉 is given
by the Maxwell velocity v averaging of the electron im-
pact ionization cross-section σ and all details of the pro-
posed new damping mechanisms are well studied.
The considered in the present work the chemical damp-
ing of the pressure oscillations in some sense belongs to
the notions of plasma multi-fluid approach. Not only
relative velocity between different fluids12,14 creates dis-
sipation as a friction forces. Periodic oscillations around
the Saha equilibium for some MHD modes of partially
ionized plasmas can give even bigger dissipation and in-
dispensably have to be taken into account in the arsenal
of the plasma physics notions.
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